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capability  or  ATLAS  *p*  as  a  space  vehicle  booster 

1*0  Introduction 

The  study  of  the  Atlas  "Fn  Tshlols  has  boon  subdivided  Into  two 
basic  considerations ^first  as  an  ICBM  and  second  as  a  space  vehlole 
booster* ' 

The  ICBM  la  covered  by  Convair  reports : 

AE60-0424 
'  AB60-0384 
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REPORT  AE60-0496 

pul! _ 


SW-p-17 

Missile  specifications  for  alsslle  and  ground  support. 

This  report  provides  results  of  tha  study  on  ths  Atlas  "F"  as 
a  spaos  vshlolo  booster. 

2.0  Sumary 

2.1  This  report  contains  prellelnaxy  results  of  studies  conducted 
on  space  vehloles  nade  up  of  the  following  upper  stages,  spaos 
boosted  by  an  unchanged  Atlas  "F"i 

(a)  Standard  Centaur  upper  stagef 

(b)  Growth  Centaur  upper  stage..  ( Approximately  150% 
propellant  capacity  of  Standard  Centaur) f  4 

(0)  Standard  Centaur  used  with  Centaur  Jr.  as  upper  stages. 

Centaur  Jr.  is  18000  Igross  weight  preliminary  version. 

1  r- 
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2.2  Initial  studies  show  that  tha  Atlas  "F"  vehicle  may  ba 
us ad  in  an  unmodified  condition  as  a  specs  booster  for  aacb 
of  tba  tbraa  upper  stage  versions  and  result  int 

(a)  Two.  sigma  AMR  condition  of  flight  in  a  completely 
unmodified  condition. 

(b)  Three  signs  operational  condition  of  flight  with 
angle  of  attack  oontrol  accomplished  by  tha 
addition  of  easily  mounted  "black  box”  equipment. 

noteworthy  apace  mission  payload  results  are  as  follows. 
More  complete  results  are  presented  in  a  later  section. 

The  Atlaa  "F"  with  Standard  Centaur  version  hta  th»  following 
payload  capability 

(a)  15900#  in  100  It.Kile  polar  orbit. 

(b)  3500#  in  24  hr.  equatorial  orbit. 

The  Atlaa  "F”  with  Growth  Centaur  version  has  the  following 
payload  eapabilltyi 

(a)  14950#  in  IOC  V,  Mile  polar  orbit. 

{b)  4100#  in  24  hr.  equatorial  orbit. 

.  Preliminexy 

The  Atlas  "F”  with  Standard  Centaur  and  /Centaur  Jr.  version 

has  the  following  payload  capability t 

(a)  4400#  in  24  hr.  equatorial  orbit. 

(b)  A  soft  lunar  landing  of  Centaur  Jr.  with  2200  lb. 
payload. 


3.0  General 

The  upper  stage  configurations  included  in  this  report  may 
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be  ujed  to  accomplish  a  Tariaty  of  space  missions .  Tbay  art 
presented  in  a  ganaral  manna r  to  show  the  varafctllttgrof  aaoh 
uppar  stage  cohfiguratlon. 

3.1  Configuration  descriptions 

All  three  uppar  stage  configurations  may  be  mounted 
by  means  of  suitable  adapters  directly  to  an  unmodified 
Atlas  "F". 

The  Standard  Centaur  upper  stage  i3  an  unmodified, 
presently  designed  Centaur  spaoe  vehicle. 

The  Growth  Centaur  upper  stage  maintains  all  basic 
Centaur  features  and  components  with  exception  of  tank 
length.  Propellant  weight  capacity  is  increased  to 
45000#. 

Preliminary 

The/Jentaur  Junior  upper  stage  13  similar  to  baslo 
Centaur  configuration  with  the  following  exceptions} 


i  (a)  Gross  weight, excluding  payload, 18000#. 

(b)  Tank  diameter  8  feet  in  place  of  10  feet. 

(c)  One  15000#  thrust  engine  Instead  of  two. 

3.2  Figure  3.2  shows  each  upper  stage  version  mounted  on 
the  unaodified  Atlas  "F". 

| 

!  3.3  Configuration  weight  data  is  shown  in  Table  3*3* 

I 

3.4  Propulsion  data  is  shown  in  Table  3.4. 
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3.5  Load* 

3.5.1  Aotual  asxlaua  banding  aoaents  enoountered 
during  flight  of  Standard  Cantaur  apaoa  eehlole  with 
Atlas  "f"  ara  abown  on  Figs.  5.14  thru  5.19. 

Tank  B.  M.  resistance  oapaoity  ie  alio  ahown.  It 
rapraaanta  banding  oapaoity  reaalnlng  dua  to 
praaaura  and  buokling  strength,  aftar  axial  drag 
and  ”g"  force  loada  have  baen  applied.  Tbs  standard 
Cantaur/Booatar  configuration  has  baan  analysed  in  detail. 

No  dynamic  work  was  performed  on  the  growth  Centaur  or  with 
an  upper  stags  dua  to  laok  of  time  for  the  atudy  and  laok 
of  speolfio  design  data  on  the  upper  stages.  j 

3.5.2  Atlas  "F*  tank  oapaeity  to  resist  maximum 
"g"  axial  loads  is  illustrated  by  Fig.  3.5.2. 

Booster  section  burning  ties  before  separation  has 
been  Halted  to  an  smount  that  will  not  eause  "g* 

forces  to  axeeed  that  shown  for  total  weight  on  Atlas  "F" . 
top  adapter  of  eaob  space  vehicle  considered. 

3.5.3  Atlas  "F"  tank  eapaoity  to  resist  ground 
vial  loads  is  illustrated  by  Fig.  3.5.3.  Mlnlaun 

ground  tank  pressure  required  per  upper  stage  configuration 
will  be  aaintalned.  Weight  of  Atlas  "F*  expendable 
propellants  has  been  adjusted  to  allow  for  effeot  of 
filling  book  pressure. 
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TABLE  3.4 

PROPULSION  DATA 
(Nominal  Thrust  and  lap) 


Engine 

Thrust. 

lb. 

Specif io  Impulse,  sac. 

Sss  Laval 

Vacuum 

Sea  Level 

Vacuum 

Atlas  F 

H-2  Booster  (2) 

(E  =  12  Pc  *  1000) 

497020 

552238 

270.1 

\  300.1 

KA-3  Sustainar 
(E  =  25  Pc  =  650) 

57000 

80131 

218.4 

310.8 

Tarnlar  (2) 

(E  =  30  Pc  =  500) 

900 

1200 

213  =  3 

284.4 

S&Pflfcfd  CfflUHT 

— 

30000 

— 

420 

fifg*4fe  -St  Bit  iff 

— 

40000 

— 

428 

Centaur  Jr. 

15000 

420 

For  RF-1  tamparature  of  6CP  7  and  atandard  condition*  out  a  Ida  of  tba 
* v^hlslsj  the  Atlaa  |  #%jjjiropollant  densities  arcs  IX>2  »  69.7  lb/ft^ 

and  IF-1  c  90.4  lb/ft  *  Trajaetory  calculations  Bade  vara  based  upon  the 
influonoa  of  propellant  danaity  change  upon  the  nominal  propulsion  data 
shown  in  Table  3.4. 
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4.0  Space  Payload  Capability 

A  booster  capability  study  has  been  condueted  to  provide 
performance  estimates  of  the  Atlas  ?  using  Centaur  type  upper 
stages.  The  standard  and  growth  Centaur  2£  stage  configurations 
were  considered  as  well  aa  a  stage  configuration  having  e 
Centaur  Jr.  stage  above  the  standard  Centaur. 

Calculations  of  payload  capability  included  the  oonstrainta 
imposed  by  the  axial  loading  limits  of  the  Atlaa  P.  Figure  4.1 
presents  the  performance  of  these  vehicles  in  terms  of  payload  at 
various  orbital  and  space  missions.  The  payloads  shown  have  been 
degraded  to  include  the  effects  of  boiloff,  chilldovn  flow  and 
restart  rockets.  Figures  4.2  and  4.3  show  the  trajectory  time 
history  to  100  n.mi.  orbital  conditions  for  the  standard  Centaur 

m 

configuration  with  payload  for  the  24-hour  orbit  mission.  Centaur 
Jr.  propellant  loading  was  optimised  for  use  with  the  Atlas  F  and 
standard  Centaur.  A  soft  lunar  landing  payload  of  2200  lbs.  was 

obtained  for  that  configuration. 

5.C  Dynamic  Analysis 

5 . 1  Summary 

A  study  of  dynamic  loading,  and  stability  and  control  has 
been  conduoted  for  the  Atlas  F  plus  Centaur  vehicles.  Details 
of  the  study  are  presented  in  this  section. 

Areas  of  prime  importance  considered  in  the  investigation 
are  as  follows  i 

A.  Dynamic  loads 
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B.  Effect  of  control  system  augmentation  by  angle 
of  attack  or  accelerometer  feedback. 

C.  Sloshing  and  rigid  body  stability. 

D.  Elastic  stability. 

Two  payloads,  representative  of  the  mission  that  tbe  Atlas  F 
plus  Centaur  vehicle  will  be  called  upon  to  accommodate  were 
considered.  These  payloads  are  4000  pot  ds  and  17000  pounds. 

The  design  values  on  the  Atlas  F  portion  of  the  vehicle  due 
to  longitudinal  dynamic  loads  were  those  dictated  by  its  application 
as  an  ICBM  end  not  attributable  to  Its  space  booster  application. 

For  the  standard  control  system  the  bending  moments  produoed 

by  2  sigma  AMR  wind  conditions  are  below  the  limit  allowable 

bending  moment.  However,  by  using  the  standard  control  system 

augmented  by  an  angle  of  attack  or  accelerometer  feedback  system 

the  lateral  flight  loads  can  be  reduoed  so  that  they  are  well 

belcv  the  limit  allowable  load  for  all  cases  considered  including 

the  operational  wind  conditions.  Using  such  auxiliary  feedback 

> 

systems  the  steady  state  angle  of  attaok  was  reduced  to  .55  degrees 
and  the  highest  bending  moment  was  decreased  from  13.6  x  10^  in. -lbs. 
(for  the  standard  control  system)  to  6.4  x  10^  in. -lbs.  (with 
augmentation)  using  operational  winds. 

the  ft  Aults  of  a  time  varying  analog  simulation  of  the 
Stondaxjd  Atlas  plus  Centaur  vehicle  employing  either  ar^le  of 
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attack  or  acceleration  feedback  show  that  the  eteady-state  angle 
of  attack  oun  be  reduced  to  0.5  degrees  at  the  time  of  maximum 
dynamic  pressure.  Root  loci  of  these  two  load  alleviation  sohemes 
are  presented  to  demonstrate  the  stability  of  such  methods  for 
the  Atlas  F  plus  Centaur  vehicle. 

Results  of  analysis  of  the  coupling  of  the  autopilot  with 
the  structural  bending  modes  ere  presented  that  show  that  the 
system  is  stable  through  flight.  It  is  shown  that  coupling  of 
the  first  bending  mode  and  tha  Centaur  L0£  tank  sloshing  at  launch 
whan  thesa  two  modas  are  at  about  tha  same  frequency  is  neglifi)>le 
and  should  not  present  a  problem.  Sloshing  stability  of  the 
vehicle  considering  two  Atlas  P  tanks  and  the  Centaur  10^  tank 
sloshing  is  also  demonstrated.  The  propellant  sloshing  modes 
were  found  to  be  quite  stable  and  suggest  reduction  of  the  number 
of  baffles  used  in  the  Atlas  LOg  tank. 


This  document  contains  information  affactint  tha  national  defente  of  tha  United  States  within  tha  meanini  of  tha  Eapionaje  Laws,  Till#  18, 
USC,  Sections  793  and  794.  Tha  transmission  or  tha  revelation  of  iU  contents  in  any  manner  to  an  unauthorized  parson  is  prohibited  by  law. 


SECRET 


FMM  m.  4-7(2  ) 


SECRET 


CONVAIR  I  ASTRONAUTICS 

5.<:  Dynamic  loads 
5.2.1  Introduction 

This  section  presents  the  results  of  an  investigation  to 
determine  Uoae  critical  loads  that  would  exist  on  the  Atlas  F 
plus  Centaur  plus  Payload  vehicles  due  to  disturbances  of  a 
transient  or  vibratory  nature.  The  investigations  put  forth  are 
torpered  by  the  fact  that  the  Atlas  F  portion  of  the  vehicles 
studied  has  already  undergone  an  extensive  study  which  is  reported 
in  Convair  Astronautics  Report  AD  60-0355,  utilising  this  vehicle 
as  an  ICBM  booster.  In  order  to  effect  some  consistency  in  the 
treatment  of  dynamic  loading  the  design  conditions  put  forth  in 
Report  MJ  60-0355  will  be  applied  to  the  Atlas  F  plus  Centaur  plus 
Payload  combinations  and  comparisons  of  tbs  derived  dynamic  loads 
effected.  Where  this  treatment  produced  design  loads  in  excess 
of  those  rendered  by  the  treat?  nt  of  the  Atlas  F  as  an  ICBM  carrier,, 
practical  load  relieving  meet.  sms  are  considered.  These  mechanisms 
are  discu'sed  with  practical  application  and  high  reliability  as 
a  guide  to  their  tne.  This  dual  study  is  being  undertaken  in  order 
to  determine  the  practicability  of  using  an  unmodified  Atlas  F 
vehicle  (which  uas  designed  by  ICBM  considerations)  as  a  booster 
for  various  upper  stages. 

The  upper  stages  conaidered  in  this  study  were  Centaur  with 
a  4000  pound  payload  and  Centaur  with  a  17000  pound  payload. 
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5.2.2  Ground  Wind  loading  (Including  Effects  of  Random  Vortex  Shedding 

When  the  Atlas  F  plus  Centaur  missile  is  erected  and  exposed 
on  the  ground  it  must  be  capable  of  resisting  the  loads  produced 
by  the  application  of  ground  winds.  The  intensity  of  the  impinging 
wind  will  be  e  function  of  the  site  selected  for  launch,  of  thla 
vehicle  and  the  design  risk  for  this  condition  which  is  commensurate 
with  the  mission  philosophy.  For  the  purposes  of  the  study  two 
values  of  equivalent  steady  wind  intensities  were  assumed,  namely: 

1.  A  40  mph  equivalent  steady  wind  velocity  which 
value  is  exceeded  only  .3?  of  the  time,  on  the 
average,  at  the  Atlantic  Missile  Range  (AMR). 

This  value  is  referred  to  as  a  3  sigma  value  at 
AMR. 

2.  A  60  mph  equivalent  steady  wind  velocity  which 
value  is  exceeded  only  1$  of  the  time,  on  the 
average,  ever  the  continental  United  States. 

This  value  i3  referred  to  as  the  Operational 
1%  Risk  Value. 

When  the  design  loading  conditions  were  formulated  for  the 
ground  winds  recognition  of  not  only  the  effects  produced  by 
steady  winds  were  accounted  for  but  also  of  the  effects  produced 
by  vottices  being  shed  by  the  vehicle.  The  problem  or  random 
vortex  shedding  of  the  winds  around  a  cylinder  have  been  the 


This  document  contains  information  affecting  the  national  defense  of  the  United  States  within  the  meaning  of  the  Espionage  Laws,  Title  18, 
USC,  Sections  793  and  794.  The  transmission  or  the  rsveietion  of  its  contents  in  any  manner  to  an  unauthorized  person  is  prohibited  by  law. 

SECRET 


iiran.  AE-60-0496 

PAIL  - 


FORM  M.  A-TtM 


SECRET 


CONVAIR 


I 

i 

t 

I 


This  documtnt 
USC,  Sections 


ASTRONAUTICS 


umOE-&MQ496  . 

MSI _  20  _ 


subject  of  recent  studios  by  the  NASA  Ames  Staff  t nd  Dr.  I.  C.  Fung 
of  S.T.l.  Thane  studies  hove  shown  that  in  the  supercritical 
Reynolds  Niur.be  •  region  (which  occurs  on  tho  Atlas  F  plan  Centaur 
vehicles  when  exponod  to  both  //'  mph  and  60  irph  winds)  random 
vortices  will  be  shed  by  the  vehicle  in  both  the  lift  and  drag 
l loner. .  Th-vse  vortices,  although  random  in  nature,  possess 
sufficient  strength  at  the  lower  frequences  to  excite  the  missiles 
cantilever  modes  which  produces  loads  in  excess  of  those  predicted 
ty  two-dinensional  steady  state  aerodynamic  theory.  It  is,  therefore, 
imperative  for  the  design  of  this  vehicle  that,  these  affects  be 
included  where  applicable. 

In  order  to  predict  the  loads  which  would  be  imposed  on  the 
erected,  exposed  Atlas  F  plue  Centaur  »i3*ile  combinations  the 
power  spectral  inputs  used  were  those  after  the  itudy  of  Fung, 
utilising  an  auto-correlation  coefficient  of  1  to  express  the 
random  vortex  distribution  along  the  vehicle  length.  *  steady 
drag  coefficient,  C^,  of  .0;525  was  used  for  both  the  40  mph 
and  60  mph  wind  cases.  Also,  since  the  strength  of  the  random 
vortices  shed  increases  with  lbwer  frequency,  all  stages  of  the 
missile  were  assumed  tc  be  fully  tanked  with  e  17, OO1'  lb.  payload 
atop  the  Centaur.  This  condition  provided  the  lowest  missile 
cantilever  frequency  and  resulted  in  the  highest  vortex  shedding 
loads.  The  bending  moments  produced  by  the  steady  drag,  osoillatory 
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lift  forces  on  the  missile  were  combined  vectorially  to  render  & 
resultant  bending  moment  distribution  elong  the  length  of  the 
missile.  This  distribution  is  shown  in  Figure  M-  for  both  the 
40  mph  and  ho  uiph  wind  cases.  In  order  to  determine  the  total 
bending  moment  distribution  along  the  missile  the  effect^  of 
misalignments,  disconnect  forces,  etc.  should  be  combined  with 
this  value. 

When  the  vehicle  is  in  a  condition  cf  tanking  where  less 
than  the  full  amounts  of  liquids  are  aboard  the  bending  moments 
produced  by  ground  winds,  including  the  effects  of  random  vortex 
shedding,  will  be  lees  than  those  shown  in  Figure  5  1 . 

Longitudinal  Dyn&mioe  Loads 

When  the  Atlas  F  plus  Centaur  vehicle  is  subjected  to  the 
rapidly  varying  engine  thrust  forces  produced  by  booster  and 
austainer  build-up  and  cut-off,  longitudinal  dynamic  loads  are 

9 

% 

imposed  on  the  vehicle  structure.  In  order  to  ascertain  the 
magnitude  of  these  dynamic  loads  a  spring-mass  modal,  representing 
the  mass  and  stiffness  characteristics  of  the  vehicle  together 
with  those  lateral  distortions  of  the  tank  structure  produced  by 
an  aceelerating  colunnof  liquid,  will  be  subjected  to  these  engines 
thrust  build-up  and  cut-off  characteristics. 


I 
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These  engine  characteristics  were  obtained  from  NM  and  are 
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their  bast  conserve!) ve  e.stbate  of  these  parameters  at  this 
tire.  A  typical  bccster  and  sustainer  engine  thrust  build-up 

1 

curve  is  shown  in  Figure  5.2  The  delay  tir.e  between  booster  and 
sustainer  thrust  build-up  ia  intentional  in  order  t.c  diminish 
the  loading  felt  by  the  vehicle  structure.  This  value  is  the 

I 

same  ra  w as  used  on  thu  SV-f'iE  jciasil  >s. 

I 

The  r.isaile  war.  ..xar  !  rvd  for  captive  thrust  build-up  n.i  free 
lsuoch  at  both  seal  level  and  altitude  (l.C,CCO  feet). 

The  raxirur  accelerations  experienced  by  the  I  CL  r.nd  Fuel 
lii  uids  (which  are  of  prime  concern  in  tank  design)  frv  both 
captive  and  th  runt  build-up  and  free  launcl  ar.  shown  in  Tatle  5,1. 

A1..C  .  hewr  are  th  cue  accelerations  w!  ich  would  bo  ix.;.o-ed  cn  the 
Atl'd  F  LC’^  hryj  Fuel  liquids  when  this  vehicle  ii  used  as  an  ICBM. 

k  ! 

It  al.ctild  te  nrted  that  for  1  dual  capability  design  cn  the  Atlas  F 

boost- -  Ur  design  leading  conditions  arc  due  to  use  of  the  vehicle 

> 

as  in  I'lPK.  Therefore,  for  these  condition.'  th*  sp.ee  aopl icatlons 

of  the  Atlas  F  are  net  designing  conditions. 

The  maximum  acceleration  experienced  h>y  thie  LCL  nJ  Fuel 

liquids  due  to  captive  thrust  cut-off  were  »lso  derived.  It  ue3 

assumed  that  the  0  igine  thrust  forces  would  decay  from  1C°J  to  IQ%  I 
* 

thrust  values  in  0.2  seconds,  y  imultanec usly  for  all  engines. 

I 

These  value:  are  shown  in  Table  5»1  Also  shown  are  comparable  valu  3 
on  the  Atlas  F  wh;r  used  1,3  in  ICFK.  Here  again  ccr.:p;ri:on  of  the 
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•mi  OK 


Atlas  F 
ICBM 


MISSILE  LAUNCH 

CONF.  ALTITUDE 


Sea  Level 

10,000' 


LONO.  LIMIT  DESIGN  LOAD  FACTORS 

CAPTIVE  THRUST  B.U. 

CAPTIVE  THRUST  C.O. 

FREE  LAUNCH 

2.5g 

2.6g 


1.15g 

l.lfc 


2.13g  2.13g  1.66g 

1.25g  2.22g  1.75g 


Atlas  F  +  Sea  Level  2.5g  1.15g 
Centaur  ♦  10,000  '  2.6g  l.l6g 
4000#  P/L 


Atlas  F  +  Sea  Level  2.5g  l.l5g 
Centaur  +  10,000'  2.6g  l.l6g 
17,000#  P/|L 


1.23c 

1.25g 


1.23s 

1.25g 


2.02g 

2.10g 


ijf  =  Limit  longitudinal  load  faotor  on  Atlas  F  fuel  liquid 
=  Limit  longitudinal  load  factor  on  Atlas  F  LOj  liquid 


TABIZ  5-1 


1.57g 

1.66g 
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accelerations  show  th  ,t  the  design  Icding  conditions  bJv  due  to  th 
U3ti  of  t.ho  vehicle  03  an  I  CBM. 

In-flight  booster  engine  cut-off  was  tgiin  assured  tc  tuke 
0.'1  seconds  tc  decay  froir.  100%  to  1 0%  cf  booster  thrust  produced 
very  small  gccelertti  cr  n  the  liquid.  Th*  same  is  true  of  in¬ 
flight  susteiner  mt-^ff. 

In  r.urxury  it  i?  shown  ti  *.t  tho  design  values  on  the  /tins  t 
portion  of  this  vehicle  coir.t  imt  ion  are  those  produced  by  ita 
oppl  iofit  ion  t,3  an  I"BH  and  net  attributsblr,  to  it.  3pace  booster 
appl ioetion. 

5.2.4  Vibration  Characteristic:!  of  the  Vehicle 

It  i  convenient  in  calculating  the  flight  loads  and  stability 
characteristics  on  ti  fiexihle-b  died  vehicle  to  express  its 
elastic  properties  in  terra;  cf  free-free  natural  frequencie  and 
mod#  functions.  U  inf  r.orn.al  r.rde  theory,  th  stability  arvi  loads 
analyses  are  easily  performed.  Vibration  characteristics  of  the 
Atlas  F  plus  Centaur  with  both  a  4000  pound  r nd  a  17,000  pound 
payload  were  eternal ned  usin  •  lurped  me  a  distribution  of  33 

*e 

stations  and  an  influence  coefficient  matrix  fer  •?  stations. 
Influence  coefficients  were  developed  from  calculated  beam 
bending  and  shear  stiffresr  data. 

The  calculatlrns  were  performed  for  three  time  instants 
during  the  bcost  phase  c?  flight,  namely: 


This  document  contains  informition  affecting  the  national  defense  of  the  United  States  within  the  meaning  of  the  Espionage  Lews,  Title  18, 
USC,  Sections  793  and  794.  The  transmission  or  the  revelation  of  its  contents  in  any  manner  to  an  unauthorized  person  is  prohibited  by  law. 


SECRET 


FMM  NO.  k-lU-l 


SECRET 


ft 


CONVAIR 


ASTRONAUTICS 


ipoif  AE-60  *0^96 

nu  27 


1.  Kisnile  fully  tanked  (  t  =  0) 

2.  Missile  at  time  cf  maximum.  dyn.>mlo  pressure  (t  =  60  eec.^ 

3.  Vasil#  nt  time  prior  to  fccv'stnr  ongine  cut-off  (t  =  12°  sec.j) 
In  all  cases  any  significant  sloshing  masses  were  removed.  These 
manses  were  coupled  back  into  the  overall  dynamic-  equations  of 
motion  as  generalised  forces  for  the  tir.r  dependent  solutions. 

The  natural  frequencies  and  general ired  masses  for  the  first 
five  elastic  redos  cf  vibration  are  sumrarited  in  Tabl  e  5.2  Also 
presented  are  the  corresponding  parameters  for  the  /‘♦Ins  F  missile 
when  U3«d  as  an  TCRM. 

Plots  of  the  deflected  shapes  of  the  first  three  elastic 
modes  of  vibration  fo~  both  payloads  at  t  “  0,  t  =  60  sec.,  and 
t  -  12P  seconds  are  shown  in  Figure-; 5 .3thrcugh  5.8 

Plots  of  the  node  point  variations  of  th  •  firs’  three  nodes 
with  time  for  the  tvr  vehicles  are  sho,n  in  Figures59  and  5.J0 
Also  plotted  in  Figure5Lll  are  th«  correeponding  nodal  variations 
for  the  Atlas  F  when  used  an  an  ICBK. 

5*2.5  Lateral  fllj/I.t  Loads 

In  af rroaching  th#  prohler  of  determining  the  lateral  flight 
loads  cn  the  Atlas  F  plus  Centaur  plus  Payload  vehicle  two  studies 
were  performed,  rvurelys 

1.  Lateral  flight  load3  imposed  by  using  s  standard  control 
system  similar  to  that  qsed  on  the  Atlas  F  ICBK  (i.e. 
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control  by  rate  arxi  rosition  gyro  end  pre-programmed 

fl  lpl  t  p'.th) . 

2.  Lateral  flight  loads  imposed  by  augmenting  the 

configuration  above  with  angle  of  attack  or  acceleron.eter 
feedback  within  the  control  loop. 

The  Min  purpose  cf  the  dual  anprcach  war,  one,  tc  deterrino  if  an 
augmented  control  system  coulo  sufficiently  reduce  the  lateral 
flight  1  o?id3  on  thin  vehicle  nc  that  an  unmodified  Atlas  F  ICBK 
structure  could  be  directly  utl!i*ed  as  a  booster  fer  this  program, 
and  two,  tbo  effect  a  cempariafltfi  of  the  weight  savings  that  are 
realised  by  an  outsorted  riyite-  ever  a  standard  ICBK  type  control 
system. 

To  determine  the  lateral  loads  imposed  on  the  vehicle  during 
critical  times  of  flight  the  following  analyses  were  performed i 

a)  From  optimized  performance  trajectories  for  both  the 
4000  pound  and  1700C  pound  payload  configurations  the 
time  of  maximum  dynamic  pressure  end  its  value  were 
determined . 

b)  The  vehicle  w*3  extrinod  a3  a  rigid  body  an’  the  bemdlag 
moment  distribution  for  a  unit  angle  cf  attack  at  this 
dynamic  pressure  war,  derived. 

c)  The  total  angle  of  attack  that  would  be  imposed  on  this 
vehicle  when  subjected  tot 
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1.  Operational  winds  -  1)8  risk  wind  profile 

I 

and  a  normally  applied  60  fps,  (1-eoa)  type,  I 

gust  (Fig.5J2  and*] 3). 

2.  3  aigna  AKR  winds  (Fig$.12  e^dJLlI)  and  pre¬ 
programmed  fl  lght  pf  th  so  that  the  vehicle 
flies  e  »ero  angle  of  attack  mean  winter 
wind  trajectory. 

3.  Same  as  (2'  except  using  2  sigma  AFR  vinda 
(Figf.i:  anc5J"'  . 

The  control  system  utilized  in  these  studies  wai  of  the 
standard  rate  and  position  gyro  type. 

d)  The  angles  of  attack  that  would  be  imposed  for  the 
conditions  11‘sted  in  (e)  auguenting  the  control  system 
with  an  angle  ef  attack  or  ecceleromete"  feedback  loop. 

e)  The  following  parameters  were  used  in  determining  the 
madcimur.  lateral  lords  along  the  length  of  the  vehicle 

Bggi, .£ibs»  Ms.  Velocity 

750  psf  1.7  130C  fps 

5.2.6  Standard  Control  System 

Utilizing  a  standard  rate  r>nd  rositicn  gyro  type  control 
oyster,  the  following  criteria  fo”  angles  of  attack  and  engine 
control  deflection:;  imposed  on  loth  the  400  pound  and  17000 
pound  prylorid  versions  were  derived: 
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H 
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Wind 

Cc  ditio.o. 

Payload 

Angle  of  Attack 

Required 

fcy.t  PtfljfltlgD 

Steady  Stete 

Oust 

Operation;.! 

400C  1L. 

> 

4.5  deg. 

2.64  deg. 

4.08  deg. 

1700C  lb. 

4.5  deg. 

2.64  deg. 

3.55  deg. 

3  sigma  AKR 

400'"1  lb. 

3.3  deg. 

2.2  deg. 

3.16  deg. 

17000  lb. 

3.3  deg. 

2.2  deg. 

2.75  deg. 

2  sigma  AKR 

4000  lb. 

2.2  deg. 

1.76  deg. 

2.0  deg. 

17000  lb. 

2.2  deg. 

1.76  deg. 

2.0  deg. 

The  required  engine  deflections  Hated  above  do  not  include 
requirements  for  such  static  unbalances  as  thrust  misalignment, 
geometric.- 1  alighnment  errors,  c.  g.  offsets,  etc.  An  additional 
allowance  6f  approximately  .75  degrees  should  b  made  for  this 
purpose.  The  bending  moment  distribution  i3  shown  in  Figures5JA 
through^l^  for  the  various  condition-.  As  can  bo  scon  by 
6K«rineticn  of  these  curves  only  th«  2  sigma  AKR  wind  conditions 
produce  bonding  rcrents  below  the  allowable  banding  moments  on 

the  unmodified  Atlas  F  tank,  For  otho"  wind  conditions  the 

/ 

Atl r  j]  F  LO^  tank  would  need  increased  pressu-e  to  accept  those 

.load/i.  A1  'O  for  the  4000  pound  payload  vercicn  winds  above  2 

1 

sifjfaa  AKR  strength  would  require  larger  engine  control  deflections 
than  are  now  presently  available. 
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1  5.2.7  Standard  Control  Svsler  Augmented  by  Angle  of  Attack  or 

AasaliuaEiSlii:  Essdtasls 

Utilizing  tie  standard  rate  end  position  gyro  control 
system  r.ugmer  tei  with  on  angle  of  attack  cr  accelerometer  feedback 
tie  following  crUeric  for  en.rle  of  att6C>.  ond  control  engine 
defloctio.nr.  impeded  on  both  tie  4000  pound  end  17,000  pound 
payload  v  rnior.s  were  aer iv^dt 


Wind 

Condition 

P&iload 

Ancle,  of  Attack 

Required 

Ena.  DeTl action 

Steady  State 

Gust 

Operational 

400C  lo. 

.55  deg. 

2.64  deg. 

2.0  deg. 

17000  lb. 

.55  deg. 

2.6/.  deg. 

1.75  deg. 

3  Bigna  AMR 

4000  lb. 

.55  deg. 

2.20  deg. 

1.7  deg. 

17000  lb. 

.55  deg. 

2.20  deg. 

1.5  deg . 

2  sigma  AKR 

4000  lb. 

.55  deg. 

1.76  deg. 

1.45  deg. 

17000  lb. 

.55  deg. 

1.76  deg. 

1.25  deg. 

The  bending  moment  distribution  Is  shown  in  Figures*u4  through 
5,19  for  the  varicue  ccndttione. 


The  dettiln  of  the  actual, control  equations  utilized  for  the 
angle  of  attack  cr  accelerometer  feedback  loop  can  be  fount  in  the 
3ectior  on  Dyn  ric  Stability  and  Control .  A  resume  of  the 
feature?  afforded  in  relieving  the  leading  cn  the  vehicle  are: 

1.  Either  syste"  will,  in  essence,  tend  to  weather  cock  the 
vehicle  into  the  prevailing  wind  thus  reducing  the 
imposed  angle  of  attack. 
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2.  Since  either  system  has  an  integral  tern  it  was  felt 
that  net  ] es:<  th? n  ]/?  degree  angle  cf  attack  could 
be  realized.  Instrumentation  accuracies  over  the 
desired  dynamic  pressure  ■  nd  Kant .  No.  regions  yes 
assumed  to  b«  .Of  degrees. 

3.  Although  hlleviatlrn  cf  the  gust  un~le  of  attack  will 
certainly  ho  realized  wit)  either  3y9tem  no  account 
of  sue!  a  reduction  win  accounted  for  in  this  study. 
This  will  tend  to  make  the  results  conservative. 

4.  Augmentation  cf  anel"  of  attack  cr  accelerometer 
control  with  other  systems’,  such  as  the  inertial 
guidance  system,  wa3  not  attempted  in  this  study. 

The  results  of  this  area  of  investigation  has  shown  that 
the  Atlas  F  missile  as  designed  for  an  ICBF  could  be  utilized 
as  the  booster  for  the  Centaur  +  nay  oad  ccrrti nations  describ’d 
without  modification  for  lateral  flight  loads.  Conservatism 
ir.  the  approach  has  been  utilised  in  all  these  studies. 
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6.C  Stability  and  Control 
6.1  Introduction 

Stability  and  control  studies  of  th>*  At] is  F  as  a  apace 
booster  were  performed  usln./  an  Atlas  F  plu.  Centaur  configuration 
with  various  payloads.  A  primary  area  of  investigation  was  the 
u.oe  of  auxiliary  foadb&ck  loops  emplcyin"  either  angle  of  attack 
or  acceleration  feedback  to  reduce  the  steady-state  angl-s  of 
attack  at.  maximum  dynamic  pressure  and  thus  achieve  a  reduction 
in  the  lateral  lo.-.ds  on  the  missile.  Such  o  system  is  proposed  end 
it-,  feasibility  is  demonstrated.  Additional  studies  were 
performed  to  determine  the  stability  qualities  of  the  vehicle 
when  coupled  with  the  lateral  bending  modes  and  nlosting  propellonto. 
Root  loci  are  presented  to  show  that  no  stability  problems  are 
encountered  due  to  bending  or  sloshing. 

The  basic  autopilot  configuration  proposed  for  the  Atlas  F  - 
6pace  Booster  is  identical  tc  the  Atlas  F  except  for  comsidef&tion 
I of  an  auxiliary  feedback  loop  for  load  relief.  The  position 
reference  wgs  assumed  tc  be  a  position  gyro,  located  at  the  same 
;  position  as  the  rate  gyros  on  the  missile  (Station  975  -  the  stjr.e 
as  on  the  F) .  Very  likely  the  position  reference,  in  practice, 
will  be  obtained  from  the  guidance  system.  For  analysis  purposes, 
however,  o  position  gyro  was  used  3inoe  the  guidance  system  is 
not  specified  in  detail.  This  assumption  has  a  negligible  effect 
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upen  the  results.  Figure 6 .1  ihou.i  &  block  diagram  of  the  basic 
autopilot  ccnfiguratlon.  Nomenclature  and  sign  conventions  U3ed 
are  srovn  in  Figure  6.2 
Auxiliary  Feedback  loop  for  Load  Reduction 

In  the  section  on  dynamic  loads,  it  was  pointed  out  that  an 
unmodified  Atlrs  F  t*ink  is  adequate  for  tl  03e  structural  require¬ 
ments  Imposed  by  two  sigma  AMK  wind  conditions.  To  provide  the 
capability  of  flying  the  Atlas  F  plus  Centaur  plus  payload  for 
operational  wind  criteria  without  resorting  to  higher  Atlas  LO^ 
tank  pressures  and  consequent  incraese  in  weight,  the  use  of 
eithe”  angle  cf  attack  or  acceleration  feedback  to  reduce  steady 
state  angle  of  attack  ia  proposed.  Th  ee  feedback  loops  are  shown 
in  the  hlock  diagram  of  Figure6'.lby  dotted  lines. 

As  the  vehicle  rises  through  the  atmosphere  on  its  trajectory, 

it  is  subjected  to  varying  wind  velocities  of  the  wind  conditions 

that  result  in  the  vehicle  acquiring  an  angle  of  attack.  The 

variation  of  the  wind  conditions  with  altitude  is  referred  to  as 

a  wind  profile,  Since  the  wind  conditions  vary  slowly,  the  angle 

» 

of  attack  resulting  from  the  wind  profile  is  called  the  steady  state 
angle  of  attack  (a3  opposed  to  the  rapid  variations  in  angle  of 
attack  arising  from  wind  gusts).  The  primary  purpose  of  the  load 
alleviation  devices  is  to  reduce  the  t-ady  angle  of  attack  by 
turning  the  vehicle  into  the  wind.  Both  types  of  auxiliary  feedback 
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MISSILE  AND  COflTROL  SYSTEM  BLOCK  DIAGRAhB 
WITH  AUXILIARY  FEEDBACK  LOOPS 

FIGURE  6.1 
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have  an  integral  term  |  (see  Figure  6il)  which  causes  the  steady 
state  angle  of  attack  to  approach  sero.  A  constant  gain  term  in 
the  auxiliary  feedback  loop  is  also  included  to  recover  the 
deterioration  in  system  stability  caused  by  th»  integral  term. 

The  auxiliary  feedback  loop  is  proposed  tc  be  activated  at 
approximately  forty-five  seconds,  which  is  15  to  20  seconds  before 
the  vehicle  reaches  maximum  dynamic  pressure.  Time  varying  analog 
diaulattons  have  shown  that  introducing  the  angle  of  attack  or 
acceleration  feedback  at  thi3  time  reduces  the  steady  state  angle 
of  attack  to  0.5  degrees  at  the  time  of  maximum  dynamic  pressure. 

In  addition,  this  auxiliary  loop  provides  from  15  to  20  per  cent 
reduction  in  the  bending  moment  on  the  vehicle  due  to  guct3.  After 
passing  through  the  region  of  high  dynamic  pressure  the  auxilieiy 
loop  should  be  deactivated  to  reduce  lateral  drift  errors. 

The  root  locus  of  the  system  Including  angle  of  attack  feedback 
is  shown  in  Figure  6.3  and  demonstrates  that  the  system  is  stable 
for  practical  values  of  gains.  The  root  locus  of  tho  system 
including  acceleration  feedback  is  shown  in  Figure  6.4.  All  the 
roots  are  in  the  LHP  and  thus,  the  optimum  gain  for  ateady-etate 
angle  of  attack  reduction  can  be  aoMeved. 

Thus,  both  systems  provide  relief  of  loads  due  to  angle  of 
attack  at  maximum  dynamic  pressure.  Seleetions  of  one  system  over 
the  other  depends  primarily  on  practical  consideration  of  ease  of 
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mechanieing  each  type  and  on  the  influence  of  each  type  on  higher 
frequency  modes.  The  accelerometer  feedback,  in  particular,  will 
require  tenolysis  to  determine  it3  effect  on  bending  nodes. 

6.3  Elastic  Coupling 

Studies  of  the  elastic  coupling  of  the  first  three  bending 
modes  with  the  .utcpilot  are  based  on  the  rodel  shown  in  the 
block  diagram  of  Figure  6.5  This  model  in  turn  is  a  simplification 
of  the  sy3tei  equations  developed  in  Reference  A.  This  model  does 
not  include  the  effects  of  sloshing  or  aerodynamics.  Coupling  of 
the  bending  modes  into  the  autopilot  system  is  through  the  position 
and  rate  yros. 

6.4  Analysis  Techniques 

The  results  of  this  investigation  are  presented  as  root  loci 
in  Figures  6,r6,6.7an1  6.8for  the  first,  second,  and  third  modes, 
respectively  at  three  time  instants  of  booster  flight  -  launch, 

60  second,  and  128  seconds.  The  transfer  function  of  the  actuator 
used  in  this  study  is  also  shown  in  Figure  6.5.  (A  Bode  plot  of 
the  actuator  phase  and  amplitude  characteristics  is  shown  in 
Report  AR  60-0355).  The  roots  for  these  loci  were  obtained  by 
means  of  a  digital  solution  of  the  system  equations  represented 
in  Figure  6.5.  While  this  method  provides  a  quick  method  of 
acquiring  stability  data,  little  Insight  into  the  problem  of 
what  affects  stability  is  obtained  from  these  data  alone.  A  more 
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general  understanding  can  be  obtained  fror  a  consideration  cf 
the  locus  departure,  angles  fror  the  system  poles  and  of  how  this 
angle  is  influenced  by  ether  poles  end  zeros  of  thn  system  transfer 
function.  The  polos  ; r.d  zeros  ray  he  divided  into  two  groups, 
those  associated  with  the  rutepilct  -  the  actuator,  rote  pyre  t  nd 
rote  gain,  arr1  prr.sil.3y  filters  -  which  are  usually  fixed  during 
flight,  :.rd  those  associated  with  the  {•'ending  nodes  -  the  TWD 
("t*.il  wags  dogn)  zeros,  rr/  th*-.  bonding  dipoles,  which  can  vary 
during  fli-ht  's  thn  bending  parameters  change.  Those  bending 
poles,  and  zeros  C' n  be  approximated  for  the  purpose  of  illustration 
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Although  th.e  TWD  zero  locations  vary  none,  they  may  bo  considered 
fixed  since  they  usually  vary  ovor  e  very  small  range  on  the  Jv 
axis . 

5s  the  mass  of  tie  missile  decreases  during  flight  the  bending 
freque  r.cy,^  ,  i  nc^ea  :eu  and  th.e  lending  pcle  (considering  only 
the  positive  portion  cf  the  axis)  moveu  up  tr  tb">  :*^axis,  The 
departure  angle  fror.  the  bending  pile  can  be  determined  easily  by 
treasuring  tin  angles  from  tho  cthier  zeros  and  poles.  A  180  degree 
phase  .sh  ift  occurs  whenever  th.e  pole  passes  up  through  the  TWD  zero. 
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,T. 


Since  the  quantity  RG 


(i) 


does  net  normally  have  an  emd  itude 

57.3  lcMi 

greater  then  about  twe,  a  change  lr.  the  sign  of  tho  modal  slone 

/f  (1) 

^  RG  ,  (due  to  an  antinede  passing  through  the  rate  gyro 

location)  causes  the  bendigg  zero  to  pas:;  eve?*  the  bending  p<*]e 

» 

producing  180  degree  shift  in  phase  cf  the  departure  angle.  The 

bending  zero  i3  about  the  polo  when  & '  ^  1;  positive  and 

RG 

below  tho  role  when  it  33  negative.  For  the  ca  ;e  of  sej  arete  rate 
and  position  gyrr  locations  the  bending  zero  is  not  exactly  on 
the  jwJaxis  but  will  still  produce  a  rotation  of  the  departure 
locus  that  approaches  180  degrees. 

The  effect  cf  pries  or  zeros  net  ~n  tho  jw/axis  la  also  used 
in  estimating  the  rotation  of  the  departure  locus.  The  actuator, 
for  instance,  occurs  a3  a  quadratic  conjugate  pair  of  polos  plua 
a  first  order  lap.  Since  the  bending  pcle  13  on  the  jwsaxia, 
knowledge  of  the  phase  characteristic.,  of  first  and  second  order 
functions  can  be  used  to  estimate  how  rapidly  the  locus  rotateo. 
Analysis  of  the  Results 

No  modal  damping  was  included  in  the  equations  from,  which 
the  bending  mode  loci  were  calculated.  As  a  result  these  loci 
rcey  appear  to  yield  unstable  roots  (in  tie  Right  Ha.  f  Plane)  when 
such  is  not  actually  tho  case.  Actual  structural  damping  measrre- 
ments  obtained  as  a  result  of  full  scale  Atlas  teats  at  ERB  shew 
that  the  damping  ratios  fer  the  first  two  modes  on  the  Atlbs  are 
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ti 3  !  lgi  or  higher  than  the  following t 
Time  1st  Pode 

Launch  .C05 


60  sec  m  i  .3  .COf 

lZI  .  eccnd3  .0^  5 


2nd  Mode 
.005 
.015 
.05 


The  effect  rf  structural  darping  can  be  visualized  on  the 
root.  Icou.:  plot  -  by  shifting  the  is  to  the  right  by  the  amount 

of  the  d;.r  ping  ratio  r.ultij  1  led  by  the  frequency  of  internal 

,  JD 

( "T  Y.\jJ  without  roving  tie  locus.  On  loci  which  deport  into 
the  RHP  plane,  a  denied  line  is  drown  to  shewn  the  location  of  the 
imaginary  fa::ia  fer  a  conservative  value  of  darping. 
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6.5  Fir^t  Mode 

The  first  bending  cede,  an  shewn  in  the  root  loci  ef  Figure  6.6  j 

is  stsble  £. t.  oil  time since  its  frequency,  W  .  and  clone 

1  ULi  » 

at  the  rate  gyro  location  very  little  during  flight..  At  launch 
the  first  bonding  rode  frequency  and  th»  frequency  rf  tho  L0n  in  the 
Centaur  are  very  close  to  tho  so re.  The  root  locus  of  Figure  6.9 
includes  the  effect  cf  coupling  of  the  first  bending  mode  into 
the  Centaur  LO^  sloshing  equation.  The  fact  that  no  instability 
arises  is  .shown  by  the  root  locus. 

6.6  Second  Mode 

Both  at  launch  and  at  sixty  seconds  the  second  mode  loeui, 

shown  in  Pigure6.7,  departs  at  about  90  degrees  since  there  is 

little  change  in  frequency.  Tho  60  seconds  locus  i3  slirhtly  lose 

than  90  degrees  and  tr  pears  tc  be  in  the  right  half  plane  (RHP) , 

However,  including  the  effect  of  modal  damping,  the  roots  would 

lie  in  the  left  half  plane  (LHP),  as  can  be  seen  free;  the  !ccat?on 

of  the  'u/&xi«  for  a  conservative  veju~>  of  structural  damping 

-  (2) 

ratio,  3  (&~  shown  on  Figure  6.7  )•  As  the  sec  nd  mode 

frequency  increases,  tri*  iocus  would  rotate  slowly  clockwise, 

'./hen  the  seernd  mode  frequency  reaches  32  radians,  however,  the 
locus  departure  angle  changes  by  1?0  degrees  as  the  modal  pole 
passes  ever  the  TWD  *ero  at  that  frequency.  The  locus  then  would 
be  departing  toward  the  LHP,  Further  increase  in  frequency  results 
in  more  clockwise  rotation  and  increased  stability.  Thus,  the 
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Wi  th.  increasing  flight  t lr -  these  frequencies  also  increase  and 
provide  additions]  gain  st'.bil  ization  through  attenuation  by  the 
centre]  system . 

Imp  cticn  of  the  cod'  shape:'  and  frequencies  included  in  the 
dynamic  loads  secticr  reveals  that  the  mode  characteristic.;  that 
affect  the  analysis  of  the  coupling  of  the  autopilot  and  bending 
nodes  fer  the  /ties  F  plu.  Centaur  with  either  the  4000  cr  17000 
pound  payload  aro  almost,  th-  sane.  Due  to  this  similarity,  only 
one  payload  configuration  was  analyzed. 

Stability  of  Sloshing  Propellants 

The  equations  used  in  the  analysis  of  the  stability  of  the 
sloshing  propel! ant3  employ  a  mechanical  pendulum  analog  to 
represent  the  sloshing  propellants  (see  References  B,  C,  and  D  for 
development  of  these  equations).  The  system  equations  at  60,  -0, 
and  Iff  seconds  for  th.r*'0  pendulums  were  solved  cn  the  digital 
compute”  and  the  rea;  1  tinr  root  loci  are  shown  in  Figures 610 end 
6.11  Figure  6JD  represents  the  Atlrs  tank  3loshing  loci  and  th  e 
higher  frequency  Centaur  LC^  tank  at  60  seconds,  hiewever,  as  can 
be  calcuTted  from  the  location  of  the  Atlas  LOj  sloshing  root  at 
the  operating  gain  (K^  ~  1)  th  is  r^t  has  a  negative  (divergent) 
"damping  ratio"  cf  about  0.001.  The  calculated  ratio  cf  slosh 
angle  to  engine  ingle  is  1?0»1  at  U  is  time.  Since  there  is  cnly 
this  slight  amount  of  coupling  back  to  the  missile  and  the 
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divergent  dampin'  ratio  L°,  small  with  Instability  occurring  only 
for  rjhcrt  time;  the  number  of  baffles  in  th-  Atlas  LO2  tank  can 
be  significantly  reduced. 

! 
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